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Summary
Cartilage repair is required in a number of orthopaedic conditions and rheumatic diseases. From a macroscopic
viewpoint, the complete repair of an articular cartilage defect requires integration of opposing cartilage surfaces or the
integration of repair tissue with the surrounding host cartilage. However, integrative cartilage repair does not occur
readily or predictably in vivo. Consideration of the ‘integrative cartilage repair process’, at least in the relatively early
stages, as the formation of a adhesive suggests several biomechanical approaches for characterizing the properties of
the repair tissue. Both strength of materials and fracture mechanics approaches for characterizing adhesives have
recently been applied to the study of integrative cartilage repair. Experimental configurations, such as the single-lap
adhesive test, have been adapted to determine the strength of the biological repair that occurs between sections of
bovine cartilage during explant culture, as well as the strength of adhesive materials that are applied to opposing
cartilage surfaces. A variety of fracture mechanics test procedures, such as the (modified) single edge notch, ‘T’ peel,
dynamic shear, and trouser tear tests, have been used to assess Mode I, II, and III fracture toughness values of normal
articular cartilage and, in some cases, cartilaginous tissue undergoing integrative repair. The relationships between
adhesive biomechanical properties and underlying cellular and molecular processes during integrative cartilage repair
remain to be elucidated. The determination of such relationships may allow the design of tissue engineering procedures
to stimulate integrative cartilage repair.
Key words: Biomechanics, Articular cartilage, Repair, Fracture mechanics.Corresponding author: Dr Robert L. Sah, Department of
Bioengineering, 9500 Gilman Dr., Mail Code 0412, University of
California-San Diego, La Jolla, CA 92093-0412. Tel.: (619) 534-
0821; Fax: (619) 534-6896; E-mail: rsah@ucsd.eduIntroduction
CENTURIES ago, Hunter commented that ‘‘from
Hippocrates to the present age it is universally
allowed that ulcerated cartilage is a troublesome
thing and that, once destroyed, it is not repaired’’
[1]. During the last two decades, experimental
studies of cartilage repair in animals have led to
human clinical studies [2], and the commercializa-
tion of cellular therapies (Carticel=, Genzyme Tis-
sue Repair, Cambridge, MA [3]) and specialized
instruments (Acufex> MosaicPlasty=, Smith and
Nephew, Andover, MA; COR= System, Innovasive
Devices, Inc., Marlborough, MA; OATS=, Arthrex,
Inc., Naples, FL) for the repair of isolated cartilage
defects. While these innovations have spurred
much interest, a number of important biologic and
biomechanical issues remain to be resolved [4].
Relatively few studies have assessed the bio-
mechanical quality of repair tissue or the29requirements for the functional and durable repair
of cartilage defects.
Cartilage lesions have been classified as those
resulting from superficial lacerations, deep (full-
thickness cartilage) injuries either penetrating or
not penetrating the subchondral bone, or blunt
impact [2, 5, 6]. From a macroscopic viewpoint, the
complete repair of cartilage defects, in the most
general scenario, requires two processes (Fig. 1):
(a) the integration of the repair tissue with the
surrounding host articular cartilage; and (b) the
filling of the bulk of the cartilage defect with
tissue that is characteristic of normal articular
cartilage. These two processes can occur concur-
rently and may involve similar cellular and
molecular mechanisms. This review focuses on the
‘integrative repair process’ (see below), which
appears particularly problematic, and in particu-
lar, the biomechanical aspects of integrative
cartilage repair.
Integrative cartilage repair is required in a
number of orthopaedic conditions and rheumatic
diseases. Fibrillation, erosion, and vertical and
horizontal cracking of the cartilage (Fig. 1A) are
histopathological hallmarks of the osteoarthritic
30 T. Ahsan and R. L. Sah: Biomechanics of integrative cartilage repairFIG. 1. Schematic of cartilage defects, intrinsic cartilage repair, and putative therapeutic interventions. A: Fissure.
B: Chondral defect. C: Osteochondral defect.disease [7]. Blunt trauma can also generate fis-
sures, which can be oriented vertically, horizon-
tally, or obliquely [8–10]. In chondral and
osteochondral fracture, as well as osteochondritis
dissecans, the reduction of the fracture or osteo-
chondral fragment leads to the direct apposition of
cartilage to cartilage. In all of these pathological
conditions, integrative repair between opposing
cartilage surfaces is required. In surgical [5] and
tissue engineering [11] procedures to replace dam-
aged articular surfaces with grafts of osteochon-
dral, chondral, or cell-laden synthetic tissues (Fig.
1B,C), integrative repair of the graft tissue with
host cartilage is also required.
Unfortunately, integrative repair of cartilage
does not occur readily or predictably in vivo.
Although the fate of individual cartilage fissures
in osteoarthritis is di$cult to assess, the natural
history of the disease suggests that such fissures do
not heal spontaneously. Indeed, it is generally
accepted that cartilage defects, left untreated, lead
to progressive degeneration of the surrounding
and opposing articular cartilage. In experimental
animal studies of the natural history of ‘scarifica-
tion’ injury to the articular cartilage (i.e., multiple
cuts extending to but not through the zone of
calcified cartilage) of a normal joint, light and
electron microscopic analysis have revealed thatsuch lesions are generally stable over a period of
up to two years, with neither integrative repair
nor a marked or consistent degeneration [12–17].
In studies of the natural repair following a pen-
etrating defect, histological analysis indicates a
relatively vigorous cellular response. Neverthe-
less, the repair tissue often fails to integrate with
the surrounding cartilage [18, 19]. The repair
tissue forming after the transplantation of
periosteal and perichondrial grafts [20, 21] also
does not adhere firmly and consistently to the
surrounding cartilage. It remains to be determined
if the transplantation of exogenous cells, either
chondrocytes or chondroprogenitor cells [2,
22–24], or the stimulation of cellular processes
with growth factors [25] augments the integrative
repair process.
The mechanical environment resulting from
joint loading may a#ect the initiation, progression,
and repair of cartilage fissures, as well as integra-
tive repair processes in other scenarios. Mechan-
ical factors have long been implicated in the
regulation of cartilage metabolism in vivo [26].
Joint loading induces biophysical phenomena that
may directly a#ect the cartilage extracellular
matrix or indirectly a#ect the matrix by regulating
the metabolism of the endogenous chondrocytes
[27]. While a number of theoretical studies have
Osteoarthritis and Cartilage Vol. 7 No. 131FIG. 2. E#ects of joint loading on cartilage biomech-
anics and integrative repair loading in vivo. A: Integra-
tive repair of a fissure in cartilage. Joint loading that
can result in expansion of repair tissue in the tangential
direction (arrows). B: Integrative repair between a
region of repair and normal cartilage. Joint loading that
can result in relatively large gradients (arrows) in tissue
displacement and stress across the interface between
repair tissue and normal cartilage.assessed the biomechanics of the contact of normal
joints using elastic [28, 29] or biphasic [30] models,
relatively few studies have examined cartilage
biomechanics in joints where defects exist and
repair processes may be present. Two-dimensional
biphasic finite element analysis of the perforation
of subchondral bone has been predicted to lead to
increased tensile and, in particular, shear stress in
the cartilage near the perforation site [31]. Bipha-
sic finite element analysis has also predicted the
existence of deformation gradients across the
interface between repair and normal cartilage [32].
Elastic models examining the propensity for an
existing crack within articular cartilage to propa-
gate during joint loading have found that, depend-
ing on the crack and joint geometry, tensile [33, 34]
and shear [35] stresses develop at the crack inter-
face. Although these theoretical studies involved
simplified models of cartilage, they do provide
insight into the probable existence of tensile and
shear stresses that may counter integrative repair
processes in vivo (Fig. 2).Experimental and theoretical methods tradition-
ally used to study the biomechanical properties of
cartilage are di$cult to apply to repair tissue and
the integrative repair process. The homogeneous
material properties that are typically estimated
from the results of traditional compressive or ten-
sile tests only approximately describe the behavior
of articular cartilage, which is known to be both
inhomogeneous and anisotropic [36–38]. In repair
situations where remodeling tissue is adjacent to
relatively normal cartilage, tissue properties are
likely to be particularly inhomogeneous. However,
isolating su$cient quantities of repair tissue for
independent testing is technically di$cult. Fur-
thermore, it is not clear whether estimates of the
material properties of repair tissue (e.g., equilib-
rium confined compressive modulus, Poisson’s
ratio, or hydraulic permeability [38]) would reflect
the biomechanical interaction between repair tis-
sue and host cartilage, and thus the integrative
repair process.
In the integrative cartilage repair process, it is
reasonable to postulate that repair tissue forms a
molecular bridge between the opposing cartilagi-
nous tissue surfaces. In this respect, repair tissue
functions as an adhesive, a material at ‘‘the sur-
faces of two solids [that] can join them together
such that they resist separation’’ [39]. Considera-
tion of integrative cartilage repair, at least in the
relatively early stages, as the formation of an
adhesive material suggests several biomechanical
approaches for characterizing the properties of
the repair tissue. Both strength of materials and
fracture mechanics approaches for characteriz-
ing adhesives and materials have recently been
applied to the study of integrative cartilage repair.
The failure properties of the adhesive material
after integrative cartilage repair may be compared
to the failure properties of normal articular carti-
lage. When adhesive materials are subjected to
load, either adhesive or cohesive failure may
occur. Adhesive failure is the rupture of an adhe-
sive bond such that the separation is at the
adhesive-adherend interface. In contrast, cohesive
failure is the rupture of an adhesive bond such
that the separation is within the adhesive [40]. In
the experimental studies of cartilage repair that
are reviewed below, it remains to be determined
whether the mechanism of failure was primarily
adhesive or cohesive. Nevertheless, in this paper,
for convenience, the failure of repair or bonded
cartilage will be termed adhesive failure. These
adhesive properties may be compared to the failure
(cohesive) properties of normal articular cartilage
to assess the quality of the repair process.
32 T. Ahsan and R. L. Sah: Biomechanics of integrative cartilage repairFIG. 3. Adhesive strength testing of integrative cartilage
repair. A: Single-lap test of pairs of articular cartilage
blocks and a representative result ([42], graph repro-
duced with permission). B: Test of adhesive strength
between the cartilage of osteochondral cores [43].Table I




Articular Cartilage: calf Explant culture 20 [42]
Articular Cartilage: bovine Explant culture 34 [42]
Articular Cartilage: bovine Tissue transglutaminase 25 [43]
Articular Cartilage: bovine Fibrin sealant 29 [43]
Articular Cartilage: human Photochemical welding 120 [44]
Meniscus: human Photochemical welding 180 [44]Strength of materials
One approach to characterizing the mechanical
failure of a material consists of determining the
normal or shear strength, defined as the ultimate
stress that is sustained just before failure [41].
When traditional (non-biological) engineering
materials are bonded together in a joint, the
strength is the maximum stress at which the adhe-
sive can still maintain the integrity of the joint
[40]. Experimental configurations, traditionally
used to test structural adhesives, have been
adapted to determine the strength of the biological
repair that occurs between sections of bovine
cartilage during explant culture [42], as well asadhesives that are applied between sections of
cartilage [43, 44].
A modification of a standard structural mechan-
ical test method for estimating the strength of
adhesives in a single-lap configuration [45] was
used by Reindel et al. [42] to determine the adhe-
sive strength of the repair tissue (Fig. 3A), noted
previously [46], to form between cartilage surfaces
during in-vitro culture. Cartilage blocks were har-
vested from calves and adult steers. Pairs of carti-
lage blocks were maintained in partial apposition
by the application of load to the overlap area,
providing a normal stress of 0.1 kPa. After integra-
tive repair during incubation in vitro, the adherent
cartilage blocks were separated by applying a
constant rate of uniaxial positive displacement,
slow enough to minimize fluid pressurization dur-
ing the test, and the resultant load was measured
(Fig. 3A). The adhesive repair tissue was consid-
ered to have failed at the maximum load, and the
adhesive strength was calculated as the measured
ultimate load divided by the original overlap area.
The average adhesive strength for calf and adult
bovine tissue incubated for 3 weeks in culture
medium supplemented with 20% fetal bovine
serum were 20 kPa and 34 kPa, respectively (Table
I). Since the tensile modulus and strength of nor-
mal bovine and human cartilage may be as high
as four orders of magnitude greater than these
values [38, 47, 48], the adhesive properties
and geometry of the repair tissue, rather than
the properties of the cartilage adherends, are
likely the predominant factors influencing the
measurement.
Since the intrinsic integrative repair process of
post-natal articular cartilage seems limited, the
utility of using biochemical cross-linking agents to
provide a relatively rapid and initial integration of
apposing cartilaginous surfaces has been investi-
gated. Tissucol> (Immuno AG, Vienna, Austria) is
a commercially available fibrin-based sealant that
is prepared from pooled plasma of multiple donors
and used for its tissue adherence and hemostatic
potential [43]; the covalent stabilization of the
Osteoarthritis and Cartilage Vol. 7 No. 133fibrin clot is mediated by plasma transglutaminase
(activated Factor XIII) [49]. Tissue transglutami-
nase, a related enzyme, can also catalyze the for-
mation of stable polymer networks [49]. Ju¨rgensen
et al. [43] assessed the adhesive strength of
Tissucol> and tissue transglutaminase using
osteochondral cylinders harvested from adult
bovine shoulder joints. The cartilage was cut to
form a planar surface, and the adhesive was
applied to the cartilage surfaces. Then, one cylin-
der was placed upon another to create a cartilage–
cartilage interface, and a normal stress of 66 kPa
was applied to maintain tissue apposition. Samples
were tested by measuring the lateral force required
to dislodge the cylinders (Fig. 3B). Incubation with
Tissucol> or tissue transglutaminase resulted in a
time-dependent increase in adhesive strength,
computed here as the maximum force divided by
the interface area. For an incubation time of
10 min at 37)C in 50% humidity, Tissucol> and
tissue transglutaminase (1 mg/ml) resulted in an
adhesive strength of 29 kPa and 25 kPa, respect-
ively (Table I), significantly higher than that
achieved by controls incubated with bu#er solu-
tion. Enzymatic pretreatment of tissue surfaces
with chondroitinase AC before application of
tissue transglutaminase resulted in a modest
(30–60%) increase in the adhesive strength.
Photochemical crosslinking methods have also
been developed to provide an initial integration
between apposing cartilaginous tissues. Using the
same single-lap configuration described above [42],
Jackson et al. [44] investigated the adhesion pro-
duced by photoactivation of 1,8-naphthalimide dye
that was applied between articular cartilage
explants. A 12 mM solution was applied to the
opposing faces of tissue blocks, the blocks were
compressed together between glass slides with a
294 kPa normal stress, and the solution was acti-
vated by irradiation at a wavelength of 458 nm and
a power density of 200 mW/cm2. While the applica-
tion of laser irradiation alone and dye solution
alone did not promote adhesion, the laser acti-
vated photoactive dye resulted in adhesive
strength of 120 kPa (Table I) for human articular
cartilage. Similar experiments with human menis-
cus resulted in an adhesive strength of 180 kPa.
The assessment of integrative cartilage repair by
quantitating adhesive strength has advantages
and disadvantages in comparison to the fracture
mechanics methods described below. Implementa-
tion of the adhesive strength tests, with relatively
large surface areas of repair tissue being tested,
results in relatively large loads. Alternative con-
figurations to measure adhesive strength involve
the application of torsional forces, such as tocylindrical or annular (‘napkin-ring’) samples that
form a butt joint [50]. However, the actual stress
distribution in each of these tests is complex and
di$cult to determine. For example, in the single-
lap configuration, the stress varies over the area of
the adhesive even for ‘ideal’ adherends and adhe-
sives [40], yielding a structural property that
depends on the test geometry instead of an intrin-
sic biomechanical property. Moreover, for articu-
lar cartilage, such complex states of stress may be
associated with significant interstitial fluid pres-
surization [38], thus complicating interpretation of
the measured load response of the adherends.
Thus, although the adhesive strengths achieved
after several weeks of biological integrative repair
are similar to those attained by application of
Tissucol> and tissue transglutaminase and less
than those attained by photochemical welding
(Table I), a direct comparison is di$cult due to the
di#ering test geometries, di#ering stresses within
the adhesives and adherends, and di#erent sources
of adherend cartilage tissues.
The methods of determining adhesive strength,
described above, are particularly useful in early
stages of integrative cartilage repair where the
interface region is relatively weak. However, as
integration at the interface improves and the func-
tion of the repair tissue approaches that of the
adjacent cartilage, the stress distribution in the
adhesive will become more complex and may result
in the method becoming less suitable for assessing
the adhesive strength of the repair tissue [45]. In
addition, it is di$cult to compare the estimates of
strength of the repair tissue to that of normal
cartilage since di#erent tests are usually used. On
the other hand, during the final stages of a success-
ful cartilage repair process, it may be possible to
use traditional techniques [38, 47] of determining
tissue strength.
It would be desirable to use the results from
the in-vitro studies of adhesive strength to guide
the study of therapeutic interventions in vivo. The
in-vitro specimen geometries allowed assessment
of integrative repair between sections of cartilage
that were approximately parallel to and just below
the articular surface. Such repair may be more
relevant to fissures that extend horizontally than
to those fissures that extend vertically, since the
orientation of matrix components, such as colla-
gen fibrils, adjacent to the fissure may have a
significant e#ect on the repair process. Neverthe-
less, the cellular and molecular mechanisms
involved in such an integrative repair process may
be similar whether integrative repair is required to
occur across a vertical or horizontal plane within
articular cartilage.
34 T. Ahsan and R. L. Sah: Biomechanics of integrative cartilage repairFIG. 4. Schematic of fracture modes. A: Mode I, opening.
B: Mode II, in-plane shear. C: Mode III, out-of-plane
shear.Fracture mechanics
An alternative approach to describing the inte-
grative repair process involves the application of
the principles of fracture mechanics [51]. Fracture
mechanics is the study of the failure of materials
with the assumption that a material includes
flaws. The propagation of these flaws to cause
failure is dependent on the applied stress and the
fracture toughness of the material. Since fracture
mechanics was originally developed for the study
of cohesive failure of materials and then extended
to study the integrity of adhesive-bonded joints, it
is natural to use this approach to compare the
fracture toughness of normal and repaired carti-
lage. The two main subdivisions within the field of
fracture mechanics utilize either a stress intensity
criterion, where the critical stress intensity is a
measure of fracture toughness, or an energy cri-
terion, where fracture toughness is described by
the critical energy release rate. The stress inten-
sity approach relates the local stress at the crack
tip to the applied stress and crack geometry.
Although this approach can be adapted to charac-
terize crack propagation with small plastic zones,
the critical stress intensity is dependent on linear
elastic material properties, and the obtained
values should be treated with some caution [52].
The energy criterion approach has been adapted
to characterize toughness for nonlinear elastic and
viscoelastic-plastic materials [51]. The energy cri-
terion of fracture mechanics states that crack
extension occurs when the energy available for
crack growth is su$cient to overcome the resist-
ance of the material. The fracture toughness is
described by the energy required to extend a crack
per unit of crack extension [51, 53]. Such energy
methods have been applied to cartilage and other
soft biological tissues. In elastic materials, the
fracture toughness is the work of fracture, a
measure of the energy needed to create new free
surfaces. However, in general and for the study of
cartilage, the rate of work of external loads is
dissipated not only by fracture, but also by elastic
energy stored and viscous, frictional and plastic
energy dissipation [54]. These other energy terms
are dependent on specimen size, geometry, orienta-
tion and testing strain rate. When the contribution
of the fracture term can be isolated, a material
property describing fracture toughness is
obtained.
A variety of di#erent test configurations and
procedures have been used to assess the fracture
properties of articular cartilage and other connec-
tive tissues. In comparing the fracture toughness
values of di#erent biological tissues, it is import-ant to consider the test configuration. The mode of
loading at the crack tip usually a#ects the
measured fracture toughness. Mode I loading
opens a crack by inducing tensile stresses normal
to the crack plane (Fig. 4A). Mode II loading
propagates a crack between two surfaces by induc-
ing in-plane shearing loads (Fig. 4B). Mode III
loading extends a crack by transverse (out-of-
plane) shearing (Fig. 4C). Even in isotropic, linear
elastic materials, the di#erent modes of loading
result in distinct values for fracture toughness
[51]. It is di$cult to control the direction of crack
propagation in fiber-reinforced composite ma-
terials [55], and the same di$culty arises in articu-
lar cartilage [56, 57]. Nevertheless, the fracture
toughness values, estimated from energy release
rates, for the di#erent loading modes in di#erent
biological tissues have the potential to provide
insight into the function of normal cartilage as
well as the adequacy of tissue remodeling during
integrative repair.
Since tensile stresses may induce crack propaga-
tion in cartilage, the determination of Mode I
fracture properties are of particular interest. The
modified single edge notch test (MSEN) has been
used to quantify the energy required during Mode
I crack extension perpendicular to the articular
surface (Fig. 5A) in canine cartilage using a
0.2 mm thick osteochondral slices from adult mon-
grel canine patella [54]. A cut was made through
the subchondral bone to make an initial crack that
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Fracture energy of normal and healing biological tissues
Mode Tissue Fracture energy
[J/m2]
Reference(s)
I Articular cartilage: canine 140–1500 [54]
Articular cartilage, repaired: bovine 16 [61]
Synthesized cartilaginous tissue: rabbit 1000 [58]
Meniscus: rabbit 1500* [62]
Meniscus, repaired: rabbit 290* [62]
Corneal stroma: human 140 [64, 86]
Corneal stroma: rabbit 98 [65, 66]
Corneal stroma, repaired: rabbit 36 [65]
Skin stratum corneum: human 3600 [87]
Skin, grafted: rat 20 [67]
II Osteochondral junction: bovine 36,000–58,000 [52]
III Articular cartilage: canine 240–1200 [54]
Aorta: pig 1800 [68]
Skin: rat 25,000 [69]
*Fracture energies calculated assuming a 1 mm meniscal thickness.extended 0.2 mm into the deep layer of cartilage.
To avoid aberrant crack propagation in the sur-
face tangential zone [57], the superficial region of
cartilage was removed. The specimens were
gripped at the bone and separated at a relatively
low rate (to minimize fluid flow-dependent e#ects)
so that the crack propagated from the deep zone
towards the articular surface of the cartilage.
While fissures in osteoarthritis may propagate
from the articular surface toward the bone, the use
of the subchondral bone for gripping the samples
and propagating the crack in the opposite direc-
tion is convenient experimentally. Finite element
analysis was used to obtain a relation between the
fracture toughness and experimentally measured
parameters. Experimental studies, together with
the theoretical analysis, resulted in estimates of
the fracture toughness of normal canine cartilage
that varied from 140 J/m2 in samples that fractured
sharply to 1460 J/m2 in samples that exhibited a
more blunt pattern of fracture (Table II). These
values are similar to the fracture toughness,
obtained using a single edge notch test, for tissue
synthesized in vitro by rabbit chondrocytes after
isolation and then 8 weeks of culture (300–1200 J/
m2 [58, 59], Lewis, personal communication).
A modification of a standard fracture mechanics
‘T’ peel test method (Fig. 5B, [60]) has been used to
determine the adhesive fracture energy during
Mode I loading of repair tissue forming between
cartilage sample pairs [61]. Cartilage slices,
0.25 mm thick, were harvested from adult bovines,
and sample pairs were maintained in complete
apposition during 2 weeks of culture with the
application of a load to the overlap area (resulting
in a normal stress of 0.1 kPa). In the ‘T’ peel test,
two flexible adherend sheets (in this case, thincartilage blocks) joined together by an adhesive
(in this case, the repair tissue) are extended in a ‘T’
configuration to propagate a crack through the
adhesive. To apply this to the repaired cartilage
sample pair, a small region of the repair tissue
between each sample pair was dissected apart to
allow the attachment of axles to one end of each
cartilage slice. The axles were then subjected to a
displacement at a relatively fast rate in order to
minimize viscous/frictional energy dissipation.
After 2 weeks of incubation in culture medium
supplemented with 20% fetal bovine serum, the
fracture toughness of the repair tissue, computed
as the external work done per unit of crack exten-
sion in the plateau region of the measured force,
was 16 J/m2 (Table II).
These normal and repair fracture properties
were within the range of values obtained from
Mode I tear tests of other connective tissues,
including meniscus, cornea and skin (Table II).
Roeddecker et al. [62, 63] studied normal and
repaired medial menisci from skeletally immature
New Zealand white rabbits. A crack was initiated
in the posterior horn of the meniscus and the
clamped ends of the specimen were displaced so
that the crack propagated circumferentially in the
microvascular medial zone towards the anterior
horn (Fig. 5C). Continuous load measurements
allowed the calculation of tearing energies for
di#erent regions along the path of crack propaga-
tion, permitting comparison of injured and adja-
cent non-injured regions. Normalization of the
energy values to an assumed meniscal thickness of
1 mm indicated a fracture toughness for normal
and repaired rabbit menisci of 1500 J/m2 and 290 J/
m2, respectively (Table II). Comparison to other
normal and repair collagenous tissues indicated
36 T. Ahsan and R. L. Sah: Biomechanics of integrative cartilage repairFIG. 5. Fracture energy testing of cartilaginous tissues. A: Modified single edge notch test of articular cartilage [54].
B: T-peel test of repair tissue forming between two cartilage blocks [61]. C: Top view of tear test of meniscus [63].
D: In-plane shear test of osteochondral junction [52]. E: Trouser tear test of articular cartilage and a representative
result ([54], graph reproduced with permission).Cellular and molecular repair mechanisms
The biomechanical adhesive properties,
described above, provide macroscopic functionalthat these values were much higher than those
from Mode I tear tests of normal human corneal
stroma (140 J/m2 [64]), normal and stored rabbit
corneal stroma (98 J/m2 [65, 66]), and rat skin graft
after 9 days of healing (20 J/m2 [67]).
In-plane shear is another mode of loading that
may cause failure. Broom et al. [52] assessed the
Mode II fracture toughness of normal cartilage at
its interface with subchondral bone (i.e., at the
osteochondral junction; Fig. 5D). Osteochondral
blocks were isolated from the patellae of bovine
animals and subjected to impact loading. An
instrumented pendulum arm made contact with
the sample at the bottom of the swing to cause
transverse loading of the cartilage. The impactor
was designed to minimize tissue displacement and
strain normal to the osteochondral junction by
including a constraining face that extended just
over the articular surface. From the measured
load, energy was computed, and estimates of Mode
II fracture toughness for 2–3 year old and 5–7 year
old animals averaged 36 and 58 kJ/m2, respectively
(Table II).
The Mode III fracture toughness of articular
cartilage has been estimated using the trouser tear
test (Fig. 5E). Chin-Purcell and Lewis [54] used the
0.2 mm thick osteochondral sections, resulting
from the MSEN tests described above. The average
tearing toughness for canine articular cartilage
was calculated from the measured plateau in force,and varied between 240 and 1200 kJ/m2 (Table II)
for samples that fractured relatively sharply and
bluntly, respectively, in the MSEN test. By com-
parison, these values are of the same order of
magnitude as the Mode III fracture toughness of
pig aorta (1800 J/m2 [68]), and somewhat lower
than that of normal rat skin (25 000 J/m2 [69]).
Although the rates of energy release during
fracture of repair tissue are relatively low com-
pared to that during the fracture of normal tissues,
the viscoelastic (biphasic) nature of cartilage com-
plicates the interpretation of these measures of
fracture toughness. The measured energy release
rates do put an upper bound on the total energy
dissipated through fracture and non-fracture
mechanisms. Under certain conditions [54], the
energy dissipation in a region distant from the
crack site will be relatively small. In general,
however, regions of the tissue (e.g., at the site of
bending) will undergo large deformation, and
finite deformation biphasic analysis may be
required to evaluate the energy balance in the
above test configurations. In addition, the aniso-
tropic, inhomogeneous, fibrous nature leads to
preferential failure directions.
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as well as the integrity of normal cartilage. How-
ever, the composition and structure of the repair
tissue responsible for these biomechanical proper-
ties, as well as the cellular and molecular pro-
cesses involved, remain to be elucidated. In
general, tissue repair and wound healing requires
cell migration, adhesion, proliferation, and, ulti-
mately, matrix deposition and remodeling [6, 70,
71].
The initial steps in repair involve the recruit-
ment of an adequate population of cells, often of a
specific type, to the defect site. It has been sug-
gested that cell adhesion and migration on carti-
lage surfaces may be hindered by the anti-adhesive
properties of specific matrix molecules [72, 73].
However, other studies indicate that chondrocytes
adhere to cut articular cartilage surfaces [74, 75].
The adhesive properties of chondrocytes to carti-
lage extracellular matrix is unknown, but the
adhesive strength of ligament fibroblasts to coated
glass surfaces is about 1 kPa [76]. Another possible
source of cells in the repair process are the
chondrocytes within mature articular cartilage.
While these cells may not be able to migrate
through the dense extracellular matrix to a defect
site, chondrocytes near or at a laceration site
requiring integrative repair may be stimulated to
undergo limited proliferation [46, 77, 78]. Such
proliferation of chondrocytes also can occur
within cartilage explants in vitro after enzymatic
digestion [79].
It remains to be determined how the density of
cells at a certain location, relative to a defect,
a#ects the repair process. In the model system of
cartilage repair in vitro [42], the repair process did
appear to be dependent on cellular activity. Incu-
bation of cartilage explant pairs in the absence of
serum partially inhibited the development of adhe-
sive strength, and lyophilization of the cartilage
blocks before incubation (in the presence of serum)
caused complete inhibition. The development of
adhesive strength resulting from the intrinsic bio-
logical repair process was not detectably altered
by trypsin pre-treatment of the cartilage blocks
[80], which has been postulated to promote
adhesion of cells exogenous to cartilage [72].
Since the extracellular matrix components are
major determinants of the biomechanical function
of articular cartilage [e.g., 38, 47], it is likely that
the remodeling of specific matrix components is a
requirement for successful repair. The large proteo-
glycan, aggrecan, is known to contribute to the
compressive and shear properties of cartilage [38,
47]. It is possible that proteoglycan aggregates can
span an interface region and thus contribute to theintegrative repair process. However, since incu-
bation of cartilage explants with IGF-1 alone,
but not TGF-â1 alone, stimulated integrative
repair in vitro [81], but either IGF-1 and TGF-â1
individually stimulate the synthesis of proteo-
glycan aggregate in explant culture [82], it
seems unlikely that formation of proteoglycan
aggregate alone is responsible for the integrative
repair process that occurs in bovine cartilage
in vitro [42].
The regulation of collagen fibril assembly, disas-
sembly, and reassembly is likely to be critical to
integrative cartilage repair. The microscopic
analysis by Broom and co-workers [56, 57] indi-
cated that propagation of cracks may occur adja-
cent to fibers or cause pullout of fibers at the
fracture surface, rather than by splitting through
fibers. In the 8-week tissues formed by cultured
chondrocytes, a linear relation between fracture
toughness and collagen content was determined
[58]. Since collagen fibrils are of varying size and
orientation in the superficial, mid, and deep zones
of the articular cartilage [83], the restoration of
normal cartilage function may require a complex
process of fibril remodeling. The stabilization of
heterotypic fibrils of type II, IX, and XI collagen
involves crosslinking, mediated by lysyl oxidase
[84] and Maillard-glycation [85]. Whether collagen
fibril remodeling can be controlled to e#ect
an integrative repair process in cartilage, and
whether newly synthesized collagen molecules are
required for such a process is unknown.
The integrative repair of opposing cartilage sur-
faces or of repair tissue with cartilage is required
for cartilage repair. Quantification of the macro-
scopic biomechanical adhesive properties allows
determination of the success of a cartilage repair
process. Such measures may help elucidate the
cellular and molecular mechanisms involved in
repair and the relationships between tissue func-
tion, composition, structure and remodeling dur-
ing repair. Physical, biological, and chemical
regulators of the repair process also may be clari-
fied by assessing functional biomechanical indices
of integrative repair under di#ering experimental
conditions. The determination of basic mecha-
nisms involved in integrative repair and their
regulators would help in the design of tissue
engineering procedures to stimulate integrative
cartilage repair in vivo.Acknowledgments
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